The geographic structure of Y-chromosome variability has been analyzed in native populations of South America, through use of the high-frequency Native American haplogroup defined by the DYS199-T allele and six Y-chromosome-linked microsatellites (DYS19, DYS389A, DYS389B, DYS390, DYS391, and DYS393), analyzed in 236 individuals. The following pattern of within-and among-population variability emerges from the analysis of microsatellite data: (1) the Andean populations exhibit significantly higher levels of within-population variability than do the eastern populations of South America; (2) the spatial-autocorrelation analysis suggests a significant geographic structure of Y-chromosome genetic variability in South America, although a typical evolutionary pattern could not be categorically identified; and (3) genetic-distance analyses and the analysis of molecular variance suggest greater homogeneity between Andean populations than between non-Andean ones. On the basis of these results, we propose a model for the evolution of the male lineages of South Amerindians that involves differential patterns of genetic drift and gene flow. In the western part of the continent, which is associated with the Andean area, populations have relatively large effective sizes and gene-flow levels among them, which has created a trend toward homogenization of the gene pool. On the other hand, eastern populations-settled in the Amazonian region, the central Brazilian plateau, and the Chaco region-have exhibited higher rates of genetic drift and lower levels of gene flow, with a resulting trend toward genetic differentiation. This model is consistent with the linguistic and cultural diversity of South Amerindians, the environmental heterogeneity of the continent, and the available paleoecological data.
Introduction
Our current state of knowledge about the tempo and mode of demographic events undergone by the ancestors of present-day Native Americans is full of uncertainties. During the 20th century, these issues have been sources of vigorous debate between anthropologists and have also involved population geneticists (Salzano and Callegari-Jaqcues 1988; Crawford 1998; Powell and Neves 1999) . In recent years, most molecular-genetic studies of Amerindians have focused on the clarification of aspects of their Asian origins, by comparing the genetic structure of the two continental groups. These studies have used female-and male-specific DNA-lineage markers (i.e., mtDNA and Y chromosome, respectively) to ascertain the genetic structure of the two groups, to infer the population size of the first colonists (Schurr et al. 1990; Ward et al. 1991; Pena et al. 1995) , and to infer the number or geographic sources of the discrete migration waves that peopled the Western Hemisphere (Torroni et al. 1993; Merriwether et al. 1996; Karafet et al. 1999; Santos et al. 1999b ). Moreover, they have attempted to date the most recent common ancestors of Asian-Amerindian molecular lineages (Torroni et al. 1993; Forster et al. 1996) and the migration waves by dating of the Native American-specific lineages (Underhill et al. 1996) or of the population expansion following the colonization of the new continent (Bonatto and Salzano 1997) . However, these inferences concerning the aforementioned genetic or demographic events are often not consistent among themselves or with available linguistic, archeological, and paleoanthropological data (Crawford 1998; Powell and Neves 1999) .
Studies of Y-chromosome variability in Native American populations have been helpful in disentangling some aspects of the genetic history of these populations. They have shown the existence of a major northernAsian founder haplotype, originally called "II-A" (Pena et al. 1995; , the carriers of which
Figure 1
Geographic distribution of samples, frequencies of haplogroup 18, and statistics (gene diversities with their 95% CI and variance in number of repeats) of within-population variability for haplogroup 18, averaged over six Y-chromosome-linked microsatellite loci (DYS19, DYS389A, DYS389B, DYS390, DYS391, and DYS393) . Some samples are pooled, when geographically and linguistically close.
likely migrated from central Siberia (Karafet et al. 1999; Santos et al. 1999b ). Moreover, a Native Americanspecific mutation, which is derived with respect to the II-A haplotype, has also been reported (Underhill et al. 1996) . This derived allele, DYS199-T, has been found at very high frequencies in almost all the Native American populations surveyed for Y-chromosome variation (Bianchi et al. 1998) .
In contrast to these intensive efforts to clarify the earliest origin of Native Americans, molecular-genetic studies at more-local geographic scales, such as those examining North, Central, or South America, are scanty (Kolman and Bermingham 1997; Mesa et al. 2000) . Although some Native American populations have been studied for Y-chromosome microsatellites that are able to differentiate among them (Bianchi et al. 1998; RuizLinares et al. 1999) , the geographic structure of genetic variation has not been used to infer aspects of population history. For this reason, we decided to examine the genetic structure of Y-chromosome variability in South America and to interpret our results through a consideration of geographic information.
In the present study, we focus our analysis on South Amerindian populations, increasing its resolution by studying several Y-chromosome markers and analyzing a geographically broad sample of native individuals, in a search for geographic patterns of genetic structure at two hierarchical levels: within populations and among populations. We tested two simple null hypotheses: (i) that there are no differences, in within-population variability, among the different populations and (ii) that patterns of variation match the isolation-by-distance (IBD) model (Wright 1943) . On the basis of our results, we propose a qualitative model for the evolution of the male lineages of South Amerindians. Finally, the inferred evolutionary factors (i.e., the combined effects of genetic drift and gene flow) that would have shaped the genetic structure of these populations are correlated with historical and paleoecological events. A contrasting picture emerges from the analysis of Y-chromosome variability in South America, where populations have interacted with a variety of biomes during a period of у12,000 years, yielding very differentiated social structures, including those of the Andean empires, the Amazonian tribes, and the societies of the central Brazilian plateau.
Subjects, Material, and Methods

Populations, Samples, and Markers
We studied 192 South Amerindian individuals (see below). From this sample we analyzed, in detail, 169 individuals carrying the Native American-specific CrT transition in DYS199, tested by the protocol described by Santos et al. (1999a) . This mutation defines Y-chromosome haplogroup 18 (Santos and Tyler-Smith 1996) , to which the analyses are restricted in the present study. Figure 1 shows the frequency of this mutation in the following populations: Cayapa ( ), from the tropn p 26 ical forests of Ecuador; Tayacaja ( ) and Arequipa n p 44 ( ), from the Peruvian Andes; Ticuna ( ), n p 15 n p 32 Wai Wai ( ), Gaviã o ( ), Zoró ( ), Suruí n p 5 n p 17 n p 4 ( ), and Karitiana ( ), from Brazilian Aman p 13 n p 8 zonia; and Xavante ( ), from the central Brazilian n p 5 plateau. Data for aggregated Brazilian native populations were published by Carvalho-Silva et al. (1999) , whereas data for the Peruvian and the Cayapa populations are unpublished. The Cayapa and Tayacaja samples have been described elsewhere (Rickards et al. 1994; Luiselli et al. 2000) . The Arequipa sample originates from the rural highlands of the homonymous department (i.e., the political units into which Peru is divided), where native Quechua populations are predominant. All individuals sampled were informed about our objectives and consented to the anonymous use of samples for nonprofit research. Our statistical analyses also include the following populations studied by Bianchi et al. (1998) ) that were close to one another n р 5 geographically and linguistically. Figure 1 shows the geographic localization of these populations and reports the aggregations performed.
In principle, it is not correct to infer aspects of the history of an entire population on the basis of variability of one or a few haplogroups that account for only a partial component of overall genetic variability. However, in this specific case, given the very high frequency of haplogroup 18 in South Amerindians (the haplogroup was present in 88% of our sample; see reports by Underhill et al. [1996] and Bianchi et al. [1998] for other frequencies), the male history of Native American populations is highly correlated with the history of this haplogroup. Hence, by excluding the remaining rare haplogroups from the analysis, we lose very little information and gain accuracy. The current state of knowledge about the worldwide distribution of haplogroups other than 18 does not always allow for discrimination between aboriginal haplogroups and those that arrived after the European conquest. Since our aim is to make inferences about pre-Columbian history, the exclusion of haplogroups other than 18 prevents confounding effects due to recent gene flow from Europe or Africa.
The variability of Y chromosomes belonging to haplogroup 18 was analyzed through use of the following six Y-chromosome-linked microsatellites: DYS19, DYS389A, DYS389B, DYS390, DYS391, and DYS393. They were typed in two PCR multiplex reactions, as suggested by Carvalho-Silva et al. (1999) and Santos et al. (1999a) . The alleles were resolved in an ALF (Pharmacia) automatic fluorescent DNA sequencer, and their size was established by the fragment-manager software AlleleLinks (version 1.2, Pharmacia) and scored as suggested by Kayser et al. (1997) .
Analysis of Data
The genetic structure of Y-chromosome variability in South America was analyzed at two hierarchical levels-within populations and among populations-by statistical techniques based on the infinite-allele and stepwise-mutation models and nonparametric analysis. To use geographic information in our analysis, geographic coordinates were entered, if available, or were inferred for each sample. Although errors of approximation could be introduced by this procedure, these are negligible for our analysis at the continental level.
Within-Population Variability
We used two measures of diversity to test the null hypothesis of no geographic differences in within-population variability: (1) average gene diversity among the six microsatellite loci (formula 8.6 in the report by Nei [1987] ), and (2) the mean variance in the number of repeats among them. In the first case, significant differences among populations were tested, using 95% confidence intervals (CIs) constructed by the bootstrap technique (sampling the haplotypes 5,000 times), using the software GENETIX (Belkhir et al. 1998 ). In the second case, we tested the significance of differences among populations or groups of populations by performing a nonparametric ANOVA for independent samples on the distribution of individual average deviances among the six loci, calculated, for any chromosome, as
, where l corresponds to the locus considered, which, m ) kl in this case, can vary from 1 to 6; k l is the number of repeats for locus l in the chromosome; and m kl is the mean number of repeats for locus l in the population to which the individual belongs. The reader can verify that the mean variance in repeat numbers in a population can be calculated either as the average of locus-specific variances or as the mean of the individual average deviances, calculated using the above formula.
Among-Population Variability
We applied three approaches to identify geographic structure of genetic variability among populations: genetic distance, the analysis of molecular variance (AMOVA), and spatial-autocorrelation analyses.
Two types of genetic distance were calculated. The first is simply the F st (Weir and Cockerham 1984) , which is the among-population component of genetic variance and is based on the infinite-allele model. The second is the R st , proposed by Slatkin (1995) as a molecular version of F st under the stepwise-mutation model. Moreover, CarvalhoSilva et al. (1999) have shown that, within haplogroup 18, locus DYS19 has a significantly lower mutation rate than the do other five loci analyzed. This means that, on average, the expected coalescence time between two chromosomes is longer if they differ by a given number of repeats for the DYS19 locus than it is for two chromosomes that differ to a similar degree at any of the other five loci analyzed here. To exclude the possibility that this heterogeneity in mutation rates could bias our results, we also calculated-as a way of double checking-a weighted version of R st , hereafter called "R stw ," giving a weight of 2 to locus DYS19 and a weight of 1 to the other loci. We also confirmed trends observed in the genetic-distance analysis by means of AMOVA (Excoffier et al. 1992 ), a nonparametric method that allows an assessment of the partitioning of genetic variance at different hierarchical levels. AMOVA was performed by the software Arlequin 2.0 (Schneider et al. 2000) .
Genetic-distance matrices were graphically summarized by nonmetric multidimensional scaling (NM-MDS) (Kruskal 1964) , through use of the software STATISTI-CA. NM-MDS uses an iterative process to transform a similarity/dissimilarity matrix into distances represented in an Euclidean n-dimensional space. This method was preferred because it does not require that the data be distributed in a multivariate normal fashion or that the relationships be linear (James and Culloch 1990) .
To test for possible correlation between genetic and geographic distances, pairwise correlation coefficients were calculated between the genetic distances (F st , R st , and R stw , as a double-checking measure) and geographic distances, the latter being calculated, at the Great Circle Distances Web site, as the great circle distance, expressed in km, from the geographic coordinates of populations. The significance of correlations was calculated by random distribution of samples (1,000 times) among the locations considered. This was done through use of the Mantel test (Mantel 1967) , by the procedure implemented in the software GENETIX (version 3.0).
The IBD model (Wright 1943 ) was also considered, as a more specific null hypothesis of geographic structure of Y-chromosome variability in South America. To test the IBD model, we used a spatial-autocorrelation analysis, specially developed for molecular data, called "AIDA" (autocorrelation index for DNA analysis; Bertorelle and Barbujani 1995) . It calculates a normalized similarity index, called "II," at different geographic-distance classes. The plot of II indices versus geographicdistance classes is called a "correlogram," the shape of which can be related to specific evolutionary scenarios (Sokal 1979) . A decreasing correlogram is expected under the IBD model, resulting from positive, significant II values at short distances changing to nonsignificant ones at large distances (Barbujani 1987) . The significance of II values was assessed by a randomization test, as described by Bertorelle and Barbujani (1995) . It should be pointed out that AIDA assayed the geographic structure of genetic variability on the basis of betweenindividual comparisons, rather than between-population ones. Hence, AIDA could be a more powerful tool, for detection of geographic patterns of genetic variability, than is correlation between genetic and geographic distances. AIDA was performed, by the homonymous software (available from G. Bertorelle's Web site), through the conversion of Y-chromosome microsatellite haplotypes to arrays of binary digits whose number of pairwise differences is equal to the interhaplotype differences in number of repeats. In this case, we also double checked our results by performing a weighted AIDA, based on the same criteria used for R stw distances.
Results
The microsatellite haplotypes found in the individuals analyzed, as well as their frequencies in the eight aggregated populations, are presented in the Appendix. Haplotype 13.17.10.24.10.13, composed of the modal alleles in Native Americans (Bianchi et al. 1998; Ruiz-Linares et al. 1999) , is the most widespread and the second-most frequent in the sample. Haplotype 13.16.10.25.10.15 exhibits the highest absolute frequency but seems restricted to the Ticuna population. Figure 1 presents the statistics used to test withinpopulation variability for the 12 populations considered. A broad comparison of within-population variability indices between populations shows that the Cayapas (population 1 in fig. 1 ) of the extreme western portion of Amazonia (near the Ecuadorian Andes) and the Andean populations (Tayacaja, Arequipa, and Susque-Huamahuaqueñ o; populations 2-4 in fig. 1 ), all found in the western part of the continent, have higher gene diversities and variances in number of repeats than do the other populations. This is true even when it is taken into consideration that eastern populations show wider CIs in average gene diversities, most likely related to their small sample sizes. This finding suggests the hypothesis of relatively high population variability in the Andean region. To further test this assertion, we performed two additional tests. First, we agglomerated the samples into two groups: Andean (populations 2-4 in fig. 1 ) and eastern (populations 6-12 in fig. 1 ), and calculated the mean gene diversity and (to be more conservative) their 99% CIs. The resultant average gene diversities were .489 (CI .448-.525) and .389 (CI .343-.425), for Andean and eastern groups, respectively (i.e., they showed nonoverlapping confidence intervals). Although Chakraborty et al. (1988) suggested that gene diversity is relatively robust with respect to artificial agglomeration of populations, we should discuss the possibility that the difference found between Andean and eastern groups may be a statistical artifact of agglomeration. Despite the fact that both groups of populations have similar sample sizes (92 vs. 113), the eastern group includes more populations, which are also genetically more differentiated than the Andean ones (see results below, regarding among-population variability). This fact would create a stronger artificial Wahlund effect in the eastern group, inflating its gene diversity. This means that, if a bias exists in association with the agglomeration procedure, it acts against our expectation, thereby making our result more robust. Second, in order to use molecular information, we compared the above Andean and eastern groups by assessing the distributions of the individual mean deviancies. We rejected the null hypothesis of no differences between the means of both distributions, in favor of the alternative hypothesis of higher deviance mean values for Andean populations (Kruskal-Wallis ANOVA, one-tail test, , ) . Moreover, H p 29.16 P ! .05 the Cayapa population, settled in the tropical forest very close to the Andes, also shows a high level of variability. Altogether, these results strongly suggest that populations inhabiting the western part of South America exhibit high levels of within-population variability compared to those found in eastern populations.
Patterns of Within-Population Variability
Patterns of Among-Population Variability
Figure 2 displays the two-dimensional configuration of the NM-MDS for the F st and R stw distances. The geneticdistance matrices are available online at the Web site of the Laborató rio de Biodiversidade e Evolução Molecular (at the institution with which the corresponding author is affiliated) or can be sent by the authors upon request. Since pairwise genetic distances based on completely linked loci could be associated with high evolutionary variances, we only considered general features of the genetic-distance distributions. Irrespective of the genetic-distance matrix used (F st , R st , or R stw ), the most striking result is the homogeneity of the Andean populations (Tayacaja, Arequipa, and Susque-Huamahuaqueñ o; populations 2-4 in fig. 2 ), which exhibit very low and nonsignificant ( ) genetic distances. In contrast, the non-Andean P 1 .05 populations are scattered in the NM-MDS graph, consistent with large genetic distances between them and between Andean and non-Andean populations. These results, based on pairwise genetic-distance analysis, are strongly confirmed by AMOVA. When Andean populations are considered as a group, the among-population component of molecular variance (F st P p .29 the R stw distance is used. Conversely, the autocorrelation analysis seems to be more informative. Figure 3 shows the correlogram obtained from the analysis of 236 South Amerindian Y chromosomes. Alternative correlograms constructed using a reasonable number of different distance classes, and either containing the same number of comparisons in any distance class or weighting the locus information as a function of locus-specific mutation rates, give the same shape, the same pattern of significance, and very similar values of autocorrelation indexes. The following characteristics emerge from the spatial autocorrelation analysis: (1) there is a general and significant resemblance between Y chromosomes at lower distance classes (0-600 km); (2) there is a depression in the correlogram at the third distance class, which contains comparisons between the highly differentiated Ticuna and five other populations; (3) despite the higher values of autocorrelation obtained for shorter distances, the correlogram shows a depression and significant negative values for the latter distance classes, which are not predicted by a pure IBD model (Sokal 1979; Barbujani 1987 )-however, a categorical rejection of the IBD model would require the study of more samples that are widely distributed across the continent; and (4) the negative and significant values of autocorrelation observed in the latter distance classes would suggest the existence of a north-to-south cline, which (we speculate) could be related to the expansion of the first colonists of the continent. However, these negative and significant II values could be strongly dependent on the small Chilean samples considered (Telhueche and Mapuche). Again, given the paucity of available samples, it is not possible to discriminate between a sample-specific characteristic and a continental expression of the structure of genetic variability.
Discussion
In the present study, we have tested some simple null hypotheses posited to identify patterns of geographic structure of Y-chromosome variability in South American native populations. The most striking pattern we found is that the Andean and Cayapa populations show significantly higher levels of within-population and lower levels of among-population variability when compared with populations from Brazil, Paraguay, and northeastern Argentina. The results of genetic-distance and autocorrelation analyses seem to lead to the rejection of a pure isolation-by-distance model, and morecomplex regional patterns of drift and gene flow should be invoked to explain most of the Y-chromosome genetic variability in South America.
The number of chromosomes analyzed in this study ( ) represents the most widely distributed South n p 236 Amerindian sample that has been considered so far. From a logistic point of view, South Amerindian Y chromosomes are difficult to sample, because urban centers have shown a predominance of European Y chromosomes (Carvajal-Carmona et al. 2000; Carvalho-Silva et al. 2001 ) and because high frequencies of native Y chromosomes seem to be restricted to rural populations, which are often geographically isolated. Although data about Colombian native populations have been published recently (Ruiz-Linares et al. 1999) , they have been presented in an aggregated way, which prevents their use in analyses of geographic structure of genetic variability. Therefore, considering the sample size, we have used several cautionary procedures to render solid our conclusions. First, we double checked results about within-population variability, by pooling our samples and controlling the effects of artificial agglomeration of populations. Second, we double checked results regarding among-population variability, through use of genetic distance analysis, AMOVA, and AIDA. In contrast to classical genetic-distance analysis, AMOVA and AIDA use molecular information, assessing the number of differences between haplotypes and increasing the number of comparisons considerably. Finally, we based our conclusions on results for which statistical significance has been accurately tested, and on general patterns of genetic variability rather than on specific population results.
Inferences about Evolutionary Factors
The higher variability within the Andean and Cayapa populations, which inhabit the western part of South America, suggests relatively greater effective population sizes. Three nonexclusive scenarios could be considered in order to explain these differences: (1) the ancestors of the western populations could have arrived in more ancient times than did the other populations under consideration; (2) the western populations could have been larger than the other populations (in terms of long-term effective population size) and (3) the western populations could have exchanged more genes among themselves than the other populations (i.e., the neighborhood-size model). Archaeological data do not support the first scenario, at least for the Andean populations, because the most ancient sites in the Andean region are not older than Brazilian sites (Sandweiss et al. 1998; Dillehay 1999) . Moreover, an extensive settlement of the Andean region, which would not have been possible when glaciers were present at low altitudes, must have begun after the end of last glaciation (Bonavia 1991) . Conversely, a combination of scenarios 2 and 3 seems more plausible for the Andean populations. Agriculture in South America was widespread in the Andean region before it spread in the eastern part of the continent (Harlan 1971; Bonavia 1991) , and Andean populations built complex societies that acquired the greatest level of socioeconomic development in preColumbian South America. These historical facts are expected to have led to larger populations (Cavalli-Sforza et al. 1994) , and when the Spaniards arrived in the 16th century, the Andean area and neighboring coasts indeed had the highest demographic densities in South America (scenario 2; see reviews by Sánchez Albornoz [1992] and Crawford [1998] ). Furthermore, the fact that the shortest genetic distances correspond to comparisons between Andean populations is in accordance with the postulated higher levels of gene flow among them (scenario 3). On the other hand, the above explanations cannot account for the highest diversity being found in the Cayapa population, which inhabits western Amazonia close to the Andes and is differentiated genetically and culturally from Andean populations (see fig. 2 ). Anthropological studies suggest an Amazonian origin of the Cayapas (Rickards et al. 1994) . Although the Cayapa population exhibits mitochondrial DNA variability levels comparable to those of other Amazonian groups (Rickards et al. 1999 ), this is not true for Y-chromosome microsatellite haplotype variability. This can be explained by some level of Andean male contribution to the Cayapa gene pool, which is in agreement with ethnographic reports about Andean influences on the ethnogenesis of the Cayapas (Barrett 1925) . In accordance with these multiple sources of male gene flow (Andean and Amazonian), the Cayapas would be expected to exhibit high population diversity.
Evolutionary Model of South Amerindian YChromosome Variability
Our results concerning the structured genetic variation of Y chromosomes in South America can lead to a qualitative model to explain the evolution of male lineages in this region, on the basis of contrasting patterns of genetic drift and gene flow. This model is depicted in figure 4 . In the western part of the continent, associated with the Andean region, populations exhibit larger effective sizes and higher gene-flow levels between them, which implies a trend towards the homogenization of the gene pool. In contrast, eastern populations, settled in the Amazonian region, the central Brazilian plateau, and the Chaco region, exhibit higher rates of genetic drift and lower levels of gene flow, with a resulting trend toward genetic differentiation. This model implies that South Amerindian populations should be considered as two groups evolving at different rates. Since the population-genetics methods that are used to make quantitative inferences about population history or population structure usually assume equal effective population sizes among populations, our findings suggest that the application of these kinds of analyses to the entire continent would not be appropriate.
In the present study, we have identified different patterns of drift and gene flow acting on western and eastern South Amerindian populations. These findings are consistent with results obtained from the multivariate analysis of genetic structure in South America, performed by Luiselli et al. (2000) and Simoni et al. (2000) through use of classical markers. They found that the central Andes represent a wide area that is free of barriers to gene flow, whereas they found zones of sharp genetic discontinuities in the eastern part of South America and weak but significant barriers to gene flow between the western and eastern parts of the continent. However, we did not detect a significant differentiation in haplogroup 18 microsatellite variability among the two groups formed by the Andean and eastern populations (among-group component of genetic variation , , estimated F p .018 P p .288 ct by AMOVA). This means, in the wide sense, that the same Y-chromosome alleles are present at similar frequencies in the Andes and the eastern part of South America, but that they are differentially distributed within those areas. This partial discordance could be related to the different samples used in both studies, the sex-specific correlation of Y-chromosome data, or the different evolutionary mechanism underlying the evolution of classical markers and haplotypes of Y-chromosome microsatellites. Notwithstanding these partial differences, both studies coincide in suggesting a differential east-west spatial organization of the gene pool of South Amerindian people. On the other hand, data regarding the highly variable Cayapa population suggest that some "suture populations" can exist, receiving genes from both the west and the east. Further studies will be necessary to verify their existence.
Historical and Paleoecological Correlations
The high level of genetic similarity among Andean populations indicates a strong correlation between genetic variability and environmental-cultural diversity. The Tayacaja, Arequipa, and Susque-Huamahuaqueñ o populations are settled in the Andean region, a set of mountains and valleys that exhibit a wide latitudinal and altitudinal distribution. From an ecological point of view, the Andean area is homogeneous, in the sense that, at a given altitude, latitudinal displacements find similar environments. This geographic area has been involved in a unique cultural process for the past 12,000 years, which has led to a relative cultural and linguistic homogeneity compared with eastern native populations of South America, settled in the Amazonian region, the central Brazilian plateau, and the Chaco area (Sá nchezAlbornoz 1992). This cultural resemblance among Andean populations could have favored intensive gene exchanges among them, even considering that they are not very close geographically. This is relevant because, in general, the high-altitude environment is associated with genetic differentiation and isolation (Cavalli-Sforza et al. 1994) .
Our model is also compatible with paleoecological data. The Pleistocene-Holocene transition (10,000-12,000 years ago), at the end of the last glacial era, produced a great environmental impact and has been the most important paleoecological event of the past 20,000 years in South America (Ab'Sá ber 1990). During the last glacial era, tropical forests were restricted to a few refugia, whereas the remaining lands, currently occupied by Amazonia, constituted a savanna environment. In this situation, the levels of gene flow between eastern populations could have been greater than they are now. When the Holocene began, the tropical forests that had been limited to the refugia expanded (Ab'Sá ber 1990; Bonavia 1991), probably producing a barrier to intensive gene flow, which may subsequently have been limited to fluvial basins. It could have generated, at least partially, the observed trend toward genetic differentiation between Amazonian populations.
For a thorough interpretation of our results, we should discuss the possibility that the observed patterns of genetic differentiation may have been shaped after the European conquest (i.e., during the past 5 centuries). We believe that a number of considerations make this possibility unlikely. First, during the 3 centuries following the arrival of Europeans, indigenous populations of South America underwent a severe bottleneck (SanchezAlbornoz 1992), and it is possible to argue that it has been more severe in the eastern part of the continent compared to in the Andean area, yielding the contrasting within-population genetic diversities found in the present study. However, even if a bottleneck produces an almost immediate effect on parameters closely related to the number of rare alleles, it has been shown that reduction of gene diversity (i.e., in average expected heterozygosity) began several generations later (Maruyama and Fuerst 1985; Cornuet and Luikart 1996) . Therefore, the recent demographic depletion undergone by Amerindian populations 20-25 generations ago could not account for the differences in gene diversity evidenced in the present study, which are more likely to be related to more-ancient (i.e., pre-Columbian) demographic events.
On the other hand, during the centuries following the arrival of the European conquerors, there were dislocations of native populations in the Andean area. Could these displacements (which occurred during the past 20-25 generations) have determined the population structure currently observed in the Andes? The recent and intensive displacements of natives in the Andean region have been constituted by short-and long-range migrations with a clear and predominant direction: people leave the rural areas to go to medium and large cities. Moreover, there is extensive gene flow of native people between large cities (Sanchez-Albornoz 1992). This means that if studies of the genetic structure of Andean populations are based on samples collected in medium or large cities, the results could be seriously biased toward homogenization of the Andean gene pool. However, this is not the case in the present study. In fact, our Peruvian samples (Tayacaja and Arequipa) have been collected from individuals belonging to farming communities, which settled in the highlands of the Andes before A.D. 1500 (also see reports by Luiselli et al. [2000] and Pettener et al. [1998] , for genetic and historical information regarding the Tayacaja sample). The other two Andean samples from Argentina-Susque and Huamahuaqueñ o-belong to small semiurban centers that are likely to have received gene flow from the surrounding farming communities (Dipierri et al. 1998 ). Therefore, our study is based on populations that constitute the source, rather than the destination, of these recent migratory movements. Furthermore, in addition to being separated by large geographic distances, Peruvian and Argentinian populations have belonged to different political units during the past 500 years (after conquest, they have been part of the Peruvian and Rio de La Plata viceroyalties, respectively). These considerations are also valid with respect to forced displacements, related to mineral-mining activities, that Andean populations underwent after conquest: mining centers founded during the colonial period could have received genetic contributions from near and far locations, but, again, this is not the case for samples collected for the present investigation. Hence, it is unlikely that the genetic resemblance observed between Peruvian and Argentinian samples could be due to gene-flow events that occurred during the 20-25 generations that have elapsed since the conquest. This resemblance is likely to be correlated with the unique linguistic, cultural, and historical evolutionary process that has been taking place in this extensive region during the past 10,000 years.
In the present study, we have made historical inferences on the basis of population-genetic analyses. In principle, a phylogeographic approach would be more powerful for the inference of population histories, often allowing for discrimination between scenarios based on genetic drift and gene flow (Templeton 1998) , a distinction that is not possible in the present analysis. This approach could be used if an acceptable molecular phylogeny could be reconstructed without a lot of ambiguities. This is not the case for the six Y-chromosome microsatellites used in this study of South Amerindians. Recently, Forster et al. (2000) have reconstructed a Y-chromosome microsatellite haplotype phylogeny through use of a reduced median network approach. Despite the fact that they used a larger number of microsatellites, their approach uses geographic information about the haplotype distribution to resolve ambiguities in the phylogeny. This means that some level of geographic population structure is assumed a priori, which prevents the use of this kind of phylogeny to make geographic inferences (Smouse 1998) . We have shown that an accurate analysis of within-and among-population variability indices can give substantial clues to the evolutionary processes. We have proposed a model for the evolution of the male component of the South Amerindian gene pool. This model, though qualitative, is robust, since the comparison of genetic similarities and divergences has been accurately tested for statistical significance.
In the past, the analysis of classical markers has been particularly useful for making inferences about the genetic history of South Amerindians, at the microevolutionary level (Neel 1978; Smouse and Long 1992; Salzano and Callegari-Jacques 1998) . The current and forthcoming availability of molecular data seems to be a valuable complement for the identification of continental trends in genetic drift and gene flow. We believe that this complementation between classical and new methods and data and between genetic and geographic information will continue to disentangle the evolutionary forces that have modeled the genetic structure of Amerindian populations.
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